Immunoassays for detection of bacterial pathogens rely on the selectivity and stability of bio-recognition elements such as antibodies tethered to sensor surfaces. The search for novel surfaces that improve the stability of biomolecules and assay performance has been pursued for a long time. However, the anticipated improvements in stability have not been realized in practice under physiological conditions because the surface functionalization layers on commonly used substrates, silica and gold, are themselves unstable on time scales of days. In this paper, we show that covalent linking of antibodies to diamond surfaces leads to substantial improvements in biological activity of proteins as measured by the ability to selectively capture cells of the pathogenic bacterium Escherichia coli O157:H7 Escherichia coli O157:H7 even after exposure to buffer solutions at 37 ºC for extended periods of time, approaching 2 weeks. Our results from ELISA, XPS, fl uorescence microscopy, and MD simulations suggest that by using highly stable surface chemistry and controlling the nanoscale organization of the antibodies on the surface, it is possible to achieve signifi cant improvements in biological activity and stability. Our fi ndings can be easily extended to functionalization of micro and nanodimensional sensors and structures of biomedical diagnostic and therapeutic interest.
nating food and water borne pathogens as mentioned above, we chose to work with anti-bacterial antibodies. Scheme 1 shows the reaction steps used to create and use antibody functionalized UNCD surface. We used the UV-alkene grafting chemistry to attach antibodies to UNCD fi lms. We have shown that H-terminated diamond surfaces on exposure to 254 nm UV light, photoemit electrons into adjacent liquid layer, [ 17 ] allowing to graft alkene monolayers to the diamond surface. However, the complete picture of the grafting mechanism remains unclear including, the origin of sub-bandgap photoemission from diamond, [ 18 ] and how excitations in the diamond and in the adjacent fl uid may impact the monolayer growth. To compare the performance of antibody functionalized UNCD surfaces with an existing standard and well characterized surface, we prepared antibody functionalized Corning GAPS II amineterminated glass (GAPSG) slides. GAPSG surfaces were covalently liked to antibodies via glutaraldehyde the same way as amine-terminated UNCD surfaces.
Results and Discussion
Figure S1 (Supporting Information) shows XPS spectra for C 1s , N 1s , O 1s , and F 1s peaks obtained for the H-terminated, TFAAD-grafted, amine-and aldehyde-terminated surfaces confi rming the UNCD surface chemical composition in steps (a), (b), (c), and (d) of Scheme 1 . Sessile drop contact angle ( θ c ) measurements were carried out at the latter steps of Scheme 1 by taking six readings over three 3 μ l droplets. We found that the amine-terminated UNCD was hydrophobic compared to GAPSG surface ( θ c ∼ 45 ° ). Water contact angle measurements show an increase from 63 ± 4 ° to 86.8 ± 4 ° on grafting TFAAD/Dodecene to UNCD, and a decrease to 83.7 ° and 82.3 ° on amine and aldehyde termination of the UNCD surfaces, respectively. a long time. One such surface is ultrananocrystalline diamond (UNCD). UNCD fi lms are attractive to construct biosensors due to its high chemical stability, [ 9 ] biocompatibility, [ 10 ] large electrochemical potential window, [ 11 , 12 ] and ease of integration with microfl uidic architectures. [ 13 ] Ultra-nanocrystalline diamond (UNCD) fi lms utilized in this research comprise of 2-5 nm diameter, phase-pure diamond grains. UNCD fi lms have 10% (by volume) grain boundaries, which consist of carbon in several different bonding states including sp 2 (graphite). [ 9 ] UNCD fi lms of 1 μ m were grown on n-type Si (100) at Advanced Diamond Technologies in a hot-fi lament chemical vapor deposition reactor at about 700 ° C using CH 4 /H 2 chemistry at a pressure of about 5 Torr. Figure 1 shows the atomic force microscopy (AFM), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS) data characterizing the surface structure of the as-deposited UNCD fi lm and verifying its hydrogen-termination. Previously we have shown that UV-based grafting of alkenes on UNCD surfaces provides a surface chemistry that is hydrolytically more stable when compared to silane chemistry on silica, thiol chemistry on gold, UV-based alkene grafting chemistry on silicon, or glassy carbon surfaces. [ 14 ] Since then UV-alkene chemistry has been used to attach DNA, [ 15 ] antibodies [ 16 ] and enzymes [ 11 ] to diamond surfaces, and biological activities on diamond have been demonstrated. However, no reports suggest the impact of diamond surface and its surface chemistry on the protein stability and function especially under physiological conditions, which is important for application of diamond surfaces for biomedical diagnostics.
In this paper we provide detailed characterization of antibody-tethered diamond surfaces as a biosensor, compare it to antibody-tethered glass surfaces, and more importantly examine the stability of antibodies attached to a diamond surfaces under physiological conditions as a function of time (0.137 M NaCl, phosphate-buffered pH 7.4, 37 ° C). Due to the growing concern of detecting and elimi- Figure 1 . UNCD surface characterized via microscopy. a) AFM and b) SEM image of ultra nanocrystalline diamond fi lms deposited via hot-fi lament chemical vapor deposition. AFM image shows that the average roughness is ∼ 8 nm and largest peak-to-valley height is ∼ 40 nm. SEM image shows the continuity in the diamond fi lm at micron-scale. c) O 1s peaks obtained during XPS analysis of O-terminated, as-deposited and H-terminated UNCD fi lms (top to bottom) show that the as-deposited UNCD fi lms were more H-terminated than O-terminated. XPS data were obtained using an ultrahigh vacuum (P < 7 × 10 − 10 Torr) XPS system with a monochromatized Mg K α (1253.6 eV) source (350 W, 14.0 kV) and a hemispherical analyzer equipped with a multichannel detector. H-terminated sample was produced by exposing the as-deposited samples to a 13.56 MHz inductively coupled hydrogen plasma (15 torr) for 20 minutes at 800 ° C. O-terminated sample was produced by exposing the as-deposited samples to UV-lamp (254 nm, 10 mW/cm 2 ) in air.
Scheme 1 .
Reaction steps used to attach antibody to hydrogen-terminated UNCD surface, followed by its use to capture fl uorescently-labeled bacteria E.coli . a) The as-deposited hydrogen terminated UNCD fi lm surface was photochemically grafted with trifl uoroacetamide protected 10-aminodec-1-ene (TFAAD) and 1-dodecene. After attaching TFAAD to the surface (b), the amide group was deprotected in sodium borohydride (NaBH 4 )-methanol solution, leaving a primary amine termination on the surface (c). The deprotected amines were further reacted with glutaraldehyde via reductive amination in sodium cyanoborohydride buffer to yield an aldehyde termination on the surface (d), which was then used to attach antibodies to the surface (e) and capture fl uorescently-labeled bacteria (f).The table shows the contact angles measured on UNCD surfaces during steps (a), (b), (c), and (d).
Antibody Activity on Freshly Prepared Surfaces
We attached FITC-conjugated anti-E.coli to UNCD surface as per Scheme 1 . Figure 2 a shows higher fl uorescence on antibody-conjugated UNCD compared to the low fl uorescence from the control surface. This confi rms the tethering of antibodies to UNCD surfaces. To examine the activity of immobilized antibody we used UNCD and GAPSG surfaces functionalized with O157:H7 and K12 antibody to selectively capture E. coli O157:H7 and E.coli K12 bacteria respectively from live isolated cultures (Figure 2 b- (Figure 2 d) . L.monocytogenes was chosen for selectivity experiments due to its known notoriety in nonspecifi c binding. UNCD and GAPSG immunosurfaces showed similar capture selectivity ( ∼ 4) during co-culture experiments. During this test we also evaluated the effectiveness in blocking of non-specifi c binding by three blocking agents, casein, bovine serum albumin (BSA), and protein-free block (Pierce Scientifi c). As shown in Figure 2 d the use of different blocking agent did not affect the specifi c bacteria capture count on UNCD or GAPSG; however we did see a difference in effectiveness of the three blocking agents to reduce non-specifi c binding on UNCD surfaces. We found casein to be more effective on UNCD immunosurfaces, while BSA blocking was more effective on silica surfaces. More work needs to be done to optimize We also used the data from the fi rst fi ve capture-regeneration cycles on freshly-prepared immunosurfaces (within 16 hours) to statistically quantify the temporal and spatial randomness in surface functionalization scheme leading to reduced nonspecifi c binding of L.mono. on UNCD. One solution may be to replace dodecene with PEG-terminated alkenes as spacer molecules, as shown by Lasseter et al. [ 19 ] 
Regeneration of Immobilized Antibody and Spatial Distribution of Capture Events
Stability and reusability are also key factors in designing biosensors. The ideal situation would be to integrate a reversible antibody − antigen reaction in a sensor that is able to maintain the same activity through a high number of assays. After primary binding of antigen and antibody has occurred through hydrophobic and electrostatic interactions, the epitope (antibody Fab region) and the parotope (protein or carbohydrate expression on bacteria surface) will be close enough to allow Van der Waals and hydrogen bonds to become operative. [ 20 ] In order to dissociate the antigen-antibody complexes, the strength of these forces may be reduced by changing the pH, ionic strength, or temperature; or through the addition of dehydrating agents or organics. [ 21 ] We found that antibody renaturation on UNCD or GAPSG surfaces is not affected during capture-regeneration cycling ( Figure 3 ), where the DiOC6(3)-labeled heat-killed E.coli O157:H7 cells (10 7 cfu ml − 1 ) were captured on anti-O157:H7 functionalized surface, imaged for fl uorescence, and released from the surface bound antibodies using 0.1M glycine buffer (pH 2.1, 22 ° C, 20 min). Non-specifi c binding sites, which may have been created in the process of regeneration, were blocked using casein blocking solution (20 min, 22 ° C). Figure 3 shows the cell capture activity on UNCD and silica remains within Plot of E.coli O157:H7 cells captured during six regeneration and capture cycles on functionalized UNCD and GAPSG surfaces. Regeneration was performed using 0.1M glycine-HCl buffer (pH 2.1). Bacteria count after regeneration was found to coincide with readings from controls. Experiments were performed in quadruplicates. functionalized surfaces were also exposed to E.coli K12 cells (10 6 cfu ml . E.coli O157:H7 capture on antibody-tethered UNCD and GAPSG substrates exposed to PBS at 37 ° C for upto 14 days. Fluorescent images show E.coli O157:H7 captured on anti-O157:H7 functionalized UNCD and GAPSG surfaces, which were stored for 1, 5, 7, and 14 days in PBS at 37 ° C. The images show the relative decrease in antibody activity on GAPSG by day 5, which was gradually also seen in case of UNCD after day 7.
bacteria capture events. UNCD and GAPSG surfaces showed similar spatial and temporal randomness in bacterial capture. Temporal randomness was compared between substrates using the histogram of overlaid capture-step images. Figure S2 (Supporting Information) shows a sample sum intensity projection of bacteria-capture images taken during the fi rst fi ve capture steps of the capture-regeneration cycle (at same spot). If there were patches on the surface that ended up capturing bacteria in all the cycles, we would see a sharp peak in the histogram of the projection image at a higher pixel value. Histogram of the projection image confi rms temporal homogeneity in capture events on UNCD and silica immunosurfaces. Second-order spatial analysis was carried out to check for spatial randomness in capture events during each cycle and was evaluated by computing the corrected neighbourhood density fuction (NDF), [ 22 ] which is the relative mean density (observed density/event set density) at distance x from all bacteria; under complete spatial randomness the corrected NDF ∼ 1. The bacterial positions in the images were calculated using ImageJ and the NDF values were calculated using SpPack. [ 23 ] Figure S3 (Supporting Information) shows plots of NDF calculated on four samples as a function of distance from an event. The calculated value for NDF reaches ∼ 1 at a distance of 25 pixels in case of UNCD and silica (bacteria size: ∼ 5 × 3 pixel 2 ). This shows equal spatial randomness in bacteria capture events on UNCD and GAPSG immunosurfaces.
Antibody Stability Study
In order to test the stability of immobilized-antibodies, functionalized surfaces were exposed to phosphate buffered saline (PBS) at 37 ° C or 4 ° C for extended time and the stability of the immobilized antibodies was measured by performing bacterial capture from isolated or co-cultures. It was important to make sure that the blocker protein does not desorb during these stability tests. This was confi rmed by using control surfaces with no antibody, as well as by looking at the non-specifi c binding of FITC-labeled goat antibodies on exposed surfaces (see Figure S4 (Supporting Information). Half-life of antibody activity was calculated to quantitatively compare protein stability on surfaces. As shown in Figure 4 during the 37 ° C stability testing, we found that the antibodies on UNCD surfaces were active for a longer period of time compared to when on GAPSG surfaces. Figure 5 b quantifi es the E.coli O157:H7 capture from live isolated culture and co-cultures with Listeria monocytogenes , respectively as a function of exposure time to physiological conditions. The half-life of antibody activity was measured to be ∼ 4 days on GAPSG surfaces, while it was ∼ 11 days on UNCD surface. This indicates that either there is a loss of proteins from the GAPSG surfaces at physiological conditions, or the surface-protein interactions on GAPSG are strong enough to deactivate the Fab sites of the antibody or make them inaccessible within a few days, while the functionalized UNCD surface reduces such surface-protein interactions. During the 4 ° C stability tests ( Figure 5 c ) , we found that antibodies on UNCD and GAPSG surfaces exhibited sustained activity for the fi rst 14 days, however past that the antibodies on GAPSG showed a decrease in antibody activity. The antibody activity half-life at 4 ° C was found to be ∼ 27 days on GAPSG, but we could not measure it on UNCD within the duration of our testing (28 days).
www.afm-journal.de www.MaterialsViews.com wileyonlinelibrary.com the O157:H7 antibody bound to the surface at days 1, 7, and 14 of the 37 ° C stability tests ( Figure 6 a ) . We were able to correlate the ELISA optical readings to antibody mass with the help of a calibration curve generated using MaxiSorp® surface ( Figure S5 , Supporting Information). ELISA readings show that there was ∼ 24% decrease in antibody mass from GAPSG surfaces in the fi rst 7 days, however this loss is inadequate to explain the complete loss in antibody activity on GAPSG surfaces. ELISA readings show that there was no change in antibody mass on UNCD during the fi rst 7 days; however there was ∼ 13% decrease during the later 7 days. This decrease may be due to the loss of small antibody fragments from the surface or variation in antibody content between chips. Control surfaces for UNCD and GAPSG containing no antibody confi rm that the contribution to ELISA readings from non-specifi cally bound HRP-antibody was negligible. To corroborate our ELISA fi ndings we monitored the total nitrogen content using XPS on the antibody modifi ed surfaces that were subjected to 37 ° C stability tests (Figure 6 b) . N/C and N/Si atomic concentration ratios on the UNCD and GAPSG surfaces, respectively, show that antibody content is not completely lost from the GAPSG surface (see Figure S6 , Supporting Information for XPS spectra). ELISA and XPS studies suggest that the unstable silane chemistry on GAPSG surface may not be responsible for the complete loss in antibody activity seen on GAPSG; however, the question remains whether protein-surface interactions were responsible for the early loss of antibody activity on GAPSG and delayed activity loss on UNCD.
Molecular Dynamics Simulations
We believe that the interactions between the surface and the proteins through water molecules played the major role, causing the antibody to lose its confi guration and its activity. It is known that without a protective coating of aminopropylsilane on silica or aminodecane on diamond surfaces, the antibodies can bind nonspecifi cally to both surfaces, [ 19 , 24 ] losing their conformation and specifi c affi nity to antigens. To gain insight into the interactions of antibodies with the functionalized forms of such surfaces, we performed molecular dynamics (MD) simulations of aminopropylsilane-terminated SiO 2 (4.0 × 10 14 molecules cm − 2 ) and aminodecane-terminated diamond surfaces (2.6 × 10 14 molecules cm − 2 ) exposed to saline solution. An amorphous silica slab was tiled in a two-by-two grid to create a 5.0 × 5.0 × 2.6 nm 3 silica membrane with two exposed faces consisting of four identical patches of silica. Further details of silica membrane construction are given in the experimental section. To construct the diamond membrane, a diamond unit cell was replicated and cut along the (1 1 1) face to create a 4.8 × 4.8 × 2.5 nm 3 block, periodic in the plane orthogonal to the (1 1 1) face. The exposed carbon atoms were terminated with hydrogen atoms. To model the functionalized surfaces, each membrane was coated with a covalently attached layer of aminopropylsilane (on silica) or aminodecane (on diamond) as described by Luan and Aksimentiev. [ 25 ] The resulting functionalized surfaces were submerged in a 0.138 M NaCl solution consisting of 5,194 water molecules, 13 Na + and 13 Cl-ions and each system was simulated in the NPT ensemble for at least 40 ns. As shown in
Elisa and XPS Study to Detect Change in Antibody Content from Surface
In order to detemine if the loss of proteins was completely responsible for the rapid decrease in antibody activity, we performed ELISA and XPS studies. ELISA was used to quantify Figure 5 . Plot of bacteria capture density on UNCD and GAPSG surfaces a) from live E.coli O157:H7 culture (10 6 cfu ml − 1 ) versus the number of days the antibody-tethered surfaces were exposed to PBS at 37 ° C; b) from live co-culture of E.coli O157:H7 and Listeria monocytogenes (5 × 10 5 cfu ml − 1 , total) against the number of days the functionalized surfaces were stored in PBS at 37 ° C; and c) from live E.coli O157:H7 culture (10 6 cfu ml
) versus the number of days the antibody-tethered surfaces were exposed to PBS at 4 ° C. The unusual increase in antibody activity on UNCD and GAPSG at 4 ° C on day 5 and day 7, respectively, may be attributed to the favorable rearrangement of antibodies at the surface. Experiments in a, b and c were performed in triplicates.
www.afm-journal.de www.MaterialsViews.com wileyonlinelibrary.com Figure 7 a , a contour plot of the water density within 0.5 nm of the diamond surface, averaged over a representative 1 ns period of the 40 ns MD trajectory indicates that the aminodecane layer of the diamond surface effectively blocks water access to the diamond substrate, whereas as shown in Figure 7 b small pockets of water were observed in the aminopropyl layer of the SiO 2 surface. Supplementary Movie 1 shows water molecules within 0.5 nm of the diamond surface during representative 3-ns fragment of the 40-ns MD trajectory. Water molecules can be seen to spontaneously approach the diamond surface, however stable water pocket formation on the diamond surface was not observed. Similarly Supplementary Movie 2 shows the water molecules within 0.5 nm of the silica surface. The silica surface can be seen to have constant pockets of water in addition to those spontaneously forming during this representative 3-ns fragment of the 40-ns MD trajectory. To model effect of variations in functionalization layer density, we have simulated diamond and SiO 2 substrates with a range of functional group densities. Supplementary Figure S7 shows the average density of water versus the distance from the surface for each substrate for all functionalization group densities considered.
To quantify the affi nity of the two surfaces to the antibody proteins, we computed the potential of mean force (PMF) for bringing representative types of amino acids from bulk solution to the respective surfaces (Figure 7 bottom panels) . The potential of mean force (PMF) of an amino acid as a function of its position relative to the substrate surface was determined from a set of umbrella sampling simulations, which were analyzed using the weighted histogram analysis method (WHAM) [ 26 ] . The umbrella sampling simulations were performed by restraining the alpha-carbon atom of an amino acid to a specifi ed distance z from the substrate surface using the following potential energy function: w i (z) = 1/2 k z (z-z i ) 2 , where z i was the center of sampling window i and k z = 4 kcal mol − 1 Å − 2 was the spring constant. The location of the amino acids within the plane of the substrate was harmonically restrained using a spring constant of 0.8 kcal mol − 1 Å − 2 . The sampling windows were placed every 0.06 nm for either 1.5 < z < 2.82 nm (silica) or 1.5 < z < 3.42 nm (diamond), for a total of 23 or 33 windows, respectively. Following 200 steps of energy minimization, the system in each window was simulated at fi xed volume for at least 6 ns, with the fi rst 0.2 ns of each simulation excluded from the WHAM PMF calculation. For tyrosin and valine, the adhesion energy to functionalized diamond did not exceed 2 k B T, whereas charged (Lys, Asp) and polar (Asn) amino acids repelled from the surface. Similar PMF profi les were obtained in the case of the functionalized silica, indicating that both surfaces are unlikely to bind proteins. We know that instability of silane layers on silica is quite pronounced in saline solutions [ 25 , 26 ] , especially for short-chain aminosilanes where the positively charged primary amine can coordinate to the silicon center and catalyze hydrolysis via the formation of a stable fi ve-membered ring [ 27 ] . To see if loss of dangling aminosilanes could explain the quick loss in activity over GAPSG we created a partially degraded SiO 2 surface (Figure 7 c) that was obtained by iteratively removing 25% of the aminosilane groups (1.0 × 10 14 molecules cm − 2 ) from the surface characterized in Figure 7 b (4.0 × 10 14 molecules cm − 2 ). To model the degradation we performed an eight-step molecular dynamics simulation starting from the coordinates obtained from the simulations of silica system with surface functionalization density of 4.0 × 10 14 molecules cm − 2 . We assumed that the probability of losing a functional group is directly proportional to the total exposure of the Si-C bond to water. Hence, to choose the functionalization groups for removal, a 1-ns fragment of the simulation trajectory was used to compute the average number of water molecules located within 3 Å of each aminopropylsilane group and 0.5 nm within the silica substrate. All aminopropylsilane groups were ranked according to the average number of contacts with this water; the top 10% (rounding down) were removed. Following 2000 steps of energy minimization, the resulting system was simulated for 2.5 ns. This procedure was Figure 6 . a) ELISA and b) XPS results confi rm presence of antibody on the UNCD and GAPSG surfaces during pro-longed exposure to PBS at 37 ° C. a) Plot of optical density readings at 450 nm for quenched enzyme substrate solutions in ELISA to detect goat anti-O157:H7 tethered to UNCD and GAPSG surfaces. UNCD and GAPSG control surfaces were created by skipping the antibody functionalization step. Controls demonstrate the minimal non-specifi c binding during ELISA. b) Plot of N/C and N/Si atomic concentration ratios obtained via XPS on functionalized UNCD and GAPSG surfaces during the 37 ° C stability tests. Nitrogen content is directly proportional to the antibody mass immobilized on the surface, assuming the nitrogen content from the self assembled layer, substrate, and contamination is negligible.
www.afm-journal.de www.MaterialsViews.com wileyonlinelibrary.com compared to glass surfaces, which makes UNCD surfaces attractive for producing extended use biosensors. We fi nd that the loss of activity on glass surface can be explained mainly by the loss of the antibody stability through increased interactions with the surface via pockets of water molecules. Whereas, on the UNCD surface, the desorption of antibody from the surface is minimized due to the strong chemical bond, while the activity is maintained due to reduced water density and reduced antibody-surface interactions. We believe that our experimental and modeling approaches may provide a foundation for improving the stability of immobilized biomolecules and enhancing the performance of protein-tethered surfaces for a range of biomedical applications.
Experimental Section
Materials: All stock solutions were prepared using deionized water from a Millipore water purifi cation system to obtain a minimum repeated 8 times, until the density of aminopropylsilane molecules fell to 75% of the original density, or 3.0 × 10 14 molecules cm − 2 . Supplementary Figure S8 illustrates the results of these simulations. Dramatically different results were obtained for the partially degraded SiO 2 surface. The water density plot (Fig 5 c top) revealed large pockets of water near the degraded surface, whereas the PMF for bringing amino acids from the bulk solution to the substrate through one of such pockets ( Figure 5 c bottom) indicated adhesion energies exceeding 6 k B T. Thus, we fi nd that degradation of the functional layer on SiO 2 exposes patches of unprotected substrate to the solution, which considerably increases affi nity of the surfaces to proteins, facilitating reduction of the antibody activity.
Conclusions
We have shown that proteins can be tethered to UNCD surfaces to achieve extended stability at physiological conditions Preparation of Antibody Functionalized Ultra-nanocrystalline Diamond (UNCD) Films: UNCD-coated silicon wafer was diced into 1 cm × 3 cm pieces, rinsed with deionized water (DI), sonicated in ethanol, and dried with nitrogen. Trifl uoroacetamide protected 10-aminodec-1-ene (TFAAD) mixed with 1-dodecene in 2:1 ratio (v/v) was used as functionalization mix. The 1-dodecene provides space between the TFAAD molecules and increases the effi ciency of deprotection, which to be performed later. Photochemical attachment was carried out in a nitrogen-purged reaction chamber by applying 2 μ l cm − 2 of TFAADDodecene liquid mixture uniformly between the sample surface and a piranha-cleaned quartz slide (1 mm thick), and illuminating with a 254 nm low-pressure mercury lamp for 12 h ( ∼ 16 mW cm − 2 measured at sample surface) [ 16 ] . Excess reaction mix from the samples surface was removed by soaking the functionalized UNCD surfaces in chloroform and ethanol for 15 min each. TFAAD group attached to the UNCD were deprotected in a tightly-sealed scintillation vial containing 65 mM sodium borohydride (NaBH 4 )-anhydrous methanol solution (65 ° C, ≥ 6 h) creating a primary amine group termination. [ 27 ] Sample surfaces were rinsed with methanol and DI, and dried with nitrogen. The primary amines on the deprotected UNCD surfaces and Corning GAPS II slides were reacted with glutaraldehyde via reductive amination in sodium cyanoborohydride buffer (4 h, 22 ° C) to yield an aldehyde termination on the surface. [ 16 ] The aldehyde-terminated surfaces were rinsed with DI, dried with nitrogen and in an oven at 70 ° C for 30 min. Home-made polycarbonate wells with a silicone gasket (4.7 mm well diameter) were attached to the aldehyde-terminated surfaces using stainless steel clips to carry out further reactions. Functionalized surfaces were incubated overnight (18-22 h, 4 ° C) with antibody solution (10 μ g ml − 1 ). Wells were sealed with a sterile aluminum adhesive fi lm. Next day, wells were washed to remove non-specifi cally bound antibody. Washing routine used in our experiments consisted of rinsing with PBS-Tween20 (0.05%) twice followed by PBS once. Non-specifi c binding sites on surfaces were blocked using casein blocking solution (1 h, 22 ° C), and wells were further washed to remove excess blocker protein.
Fluorescent Labeling of Bacteria: Isolated cultures of Escherichia coli K12 , Escherichia coli O157:H7 EDL933 , and Listeria monocytogenes V7
were preparted in BHI broth at 37 ° C with 2% inoculum and incubation time of 12 h. Based on optical density measurements at 600 nm, all bacteria were found to reach stationary phase of growth within 12 h. This was also confi rmed by plating cultures at 10th, 12th and 15th hour. Live cultures were used for work in this paper, except heat-killed culture (80 ° C for 15 min) was used for capture-regeneration cycling experiment. Heat-killed culture was agar plated for 48 h and showed no bacterial viability. Fresh cultures (1 ml in 1.5 ml centrifuge tubes) were washed with phosphate saline buffer (PBS, 0.9 ml, pH 7.4 at 25 ° C) prior to use by pelletizing cells at 12k rpm (2 min), removing supernatant (0.9 ml), and resuspending cells in PBS. Blue fl uorescent Hoechst 33342 stain, orange fl uorescent SYTO 84 stain, and green fl uorescent DiOC6(3) were used for labeling at concentrations, 10 μ M, 10 nM, and 17 nM, respectively. Nuclear stains Hoechst 33342 and SYTO 84 were used to stain live cultures. Membrane stain DiOC6(3) was used to stain dead cultures. Labeling was performed at 37 ° C for 20 min with constant shaking. Excess labeling dye was removed by washing the labeled culture with PBS thrice using above mentioned culture-washing routine. The labeled cells were resuspended in 1 ml PBS. Concentration of labeledbacteria was estimated using Petroff-Hausser counting chamber and agar plating of 10 − 4 and 10 − 5 dilutions of the labeled cell suspension.
On average, the concentration in the labeled cell suspension was found to be 10 9 colony forming units per ml (cfu ml − 1 Testing the Stability of Antibodies on Surfaces: Wells on antibodyfunctionalized surfaces were fi lled with PBS and sealed with adhesive aluminum sheet. When testing stability at 37 ° C sealed wells were immersed in a PBS container, which was incubated at 37 ° C. At the end of 1, 3, 7, 11, and 14 days, functionalized surfaces were retrieved, PBS was removed from the wells, and bacteria capture was performed using the treated surfaces. When testing for stability at 4 ° C sealed wells were stored in a 4 ° C fridge, samples were retrieved at the end of 3, 7, 14, 21, and 28 days, and tested for bacteria capture capability. In all above cases, the tested surfaces were blocked with casein blocking solution before and after exposure to stability test conditions. Studies have shown that blocker protein plays an essential role in stabilization of surface attached antibodies, and so it was necessary to block the surfaces prior to stability tests. During the stability test non-specifi c binding sights might have been created due to desorption of blocking agent, which may lead to non-specifi c binding of bacteria and result in higher bacteria capture activity; this may not be a true indicator of the antibody stability.
Quantitative Enzyme-Linked Immunoassay to Detect Antibody Loss from Functionalized Surfaces: HRP-labeled rabbit anti-goat was used to quantify the amount of goat anti-O157:H7 bound to the immunosurfaces obtained from 37 ° C stability test. PBS from wells was removed and wells were blocked with casein blocking solution (30 min, 22 ° C). Excess blocking agent was rinsed from surfaces using PBS-Tween20 twice and PBS once and surfaces were incubated with HRP-antibody solution (50 ng ml − 1 ) for 30 min at 22 ° C. Non-specifi cally bound HRP-antibody was removed using the washing routine. Surfaces were exposed to 50 μ l SureBlue Reserve (HRP substrate) for 5 min; the reacted substrate solution was transferred to a 384 well plate, quenched using equal amount of hydrochloric acid (1N), and measured for optical density at 450 nm. The amount of surface bound antibody was quantifi ed using a calibration curve given in Supplementary Figure S5 .
X-ray Photoelectron Spectroscopy (XPS) to Setect Antibody Loss from Functionalized Surfaces: XPS analyses were performed with a Kratos Axis Ultra spectrometer (Kratos Analytical, Manchester, UK) equipped with a monochromatized aluminum X-ray source (powered at 10 mA and 13 kV). Instrument was calibrated to Cu 2p3/2 (932.7 eV) and Au 4f7/2 (84 eV). The samples were attached on conductive multi-specimen holder using copper-beryllium clips and screws, in order to avoid differential charging. The pressure in the analysis chamber was about 10 − 7 Pa. The angle ϕ between the normal to the sample surface and the direction of photoelectrons collection was 0 ° . Analysis was performed in the hybrid lens mode with the slot aperture; the analyzed area was 700 μ m × 300 μ m. The pass energy was set at 160 eV for the wide scan and 40 eV for narrow scans. Charge stabilization was achieved www.afm-journal.de www.MaterialsViews.com wileyonlinelibrary.com by using the Kratos Axis device. The following sequence of spectra was recorded: survey spectrum, C 1s , N 1s , O 1s , and Si 2p . The C1s peak of carbon was fi xed to 284.5 eV to set the binding energy scale. Data treatment was performed with the Kratos Vision software. Atomic concentration ratios were calculated using peak areas normalized on the basis of acquisition parameters after a linear background subtraction, experimental sensitivity factors and transmission factors provided by the manufacturer. Antibody functionalized UNCD and GAPSG surfaces were prepared as previously stated. The surface was analyzed as freshly prepared and after completing the XPS analysis the surfaces were stored in PBS at 37 ° C. Molecular Dynamics Simulations of Diamond and Silica Immunosurfaces: All molecular dynamics (MD) simulations were performed using the program NAMD, [ 28 ] particle mesh Ewald (PME) electrostatics, [ 29 ] periodic boundary conditions, and a multiple time step integration scheme consisting of a 2-fs time step for bonded and non-bonded calculations and a 6-fs time step for long-range electrostatics. Water bonds and angles were kept rigid with SETTLE, [ 30 ] while all other covalent bonds with hydrogen were kept rigid with RATTLE. [ 31 ] Simulations in the NPT ensemble (constant number of particles N, pressure P and temperature T) were performed using a Langevin thermostat [ 32 ] and Nosé-Hoover Langevin piston pressure control [ 33 ] set at 310.15 K (37 ºC) and 1 atm, respectively; the area of the unit cell within the plane coincident with the plane of the surface was kept constant. The damping coeffi cient of the Langevin thermostat was 1 ps
; the thermostat was applied only to the atoms of the substrate (diamond or silica). A smooth (1.0-1.2 nm) cutoff was used to compute the van der Waals forces. All simulations were performed using the CHARMM [ 34 ] force fi eld for diamond, aminopropyl and aminodecane, the TIP3P model for water, [ 35 ] the CHARMMcompatible force fi eld for ions [ 36 ] and a custom CHARMM-compatible force fi eld for silica. [ 37 ] The CHARMM fore fi eld has been shown to properly model both short-and long-range non-bonded interactions for diamond carbons at ambient temperatures. [ 34 ] The silica membrane was generated using the BKS potential. [ 38 , 39 ] To produce the silica membrane used in this study, we created a 2.5 × 2.5 × 3.5 nm 3 block of crystalline silica containing 500 silicon and 1000 oxygen atoms by replicating a unit cell of SiO 2 . The membrane was annealed through NVT simulations in a 2.5 × 2.5 × 5.5 nm 3 periodic cell lasting 20 ps at 7000 K, 20 ps at 5000 K, 50 ps at 2000 K, 100 ps at 1000 K and fi nally 50 ps at 300 K. The silica annealing was performed using the BKS potential, [ 38 ] modifi ed at small distances to prevent spurious behavior at high temperature, [ 39 ] a 0.55 nm cutoff for the evaluation of the van der Waals forces, and a 5 ps − 1 Langevin damping coeffi cient. To prevent atoms from evaporating into the vacuum region, external forces were applied with grid-steered molecular dynamics. [ 40 ] To study the effect of coating density, we used two simulation systems for each substrate material. For silica surfaces, each face of the substrate was coated with a layer of 25 or 62 (system 1), or 100 or 151 (system 2) aminopropylsilane molecules, corresponding to a density of 1.0, 2.5, 4.0 or 6.0 × 10 14 molecules cm − 2 , respectively. Similarly, a pair of simulation systems containing a diamond membrane was coated with a layer of 25 or 60 (system 1), or 35 or 46 (system 2) aminodecane molecules, corresponding to a density of 1.0, 2.6, 1.5 or 2.0 × 10 14 molecules cm − 2 , respectively. The resulting functionalized surfaces were submerged in a 0.138 M NaCl solution consisting of 5,194 water molecules, 13 Na + and 13 Cl-ions, producing fi nal systems of 22,652 (silica 1), 24,620 (silica 2), 29,196 (UNCD 1), and 29,068 (UNCD 2) atoms. Prior to energy minimization, all water molecules located within 0.3 nm of the substrate or coating molecules were moved into the bulk solution. Following 2000 steps of energy minimization using the conjugate gradient method, each system was subjected to an initial equilibration for 5 ns with all the heavy atoms of the aminopropylsilane or aminodecane molecules harmonically restrained (with spring constants of 1.0 kcal mol − 1 Å − 2 ) to their initial conformations, which allowed the water and ions to approach thermal equilibrium. Following that, the harmonic restraints on the aminopropylsilane or aminodecane molecules were released, and each system was simulated in the NPT ensemble for at least 40 ns. For all simulations, all substrate atoms (silica or UNCD carbon atoms) were harmonically restrained with spring constants of 20.0 kcal mol − 1 Å − 2 .
To study the interaction between amino acids and the immunosurfaces, we created 15 systems consisting of a 0.138 M aqueous solution of NaCl, one copy of an amino acid and one of the following three functionalized substrates: The 1.0/2.6 × 10 14 molecules cm − 2 aminodecane diamond substrate; the 4.0/6.0 × 10 14 molecules cm − 2 aminopropylsilane silica substrate; or the 3.0/6.0 × 10 14 molecules cm − 2 aminopropylsilane substrate created through the degradation process described above. For each functionalized substrate, fi ve systems were created corresponding to the fi ve types of amino acids that we used to model the interactions of surfaces with the antibody protein: Lysine (charged, positive); aspartic acid (charged, negative); asparagine (polar); valine (nonpolar); and tyrosine (aromatic). The systems containing charged amino acids were made electrically neutral by adding an extra chloride or sodium counterion. Prior to PMF calculations, each system was subject to 2000 steps of energy minimization followed by a 3-ns equilibration in the NPT ensemble.
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